I. INTRODUCTION
Suspensions of settling particles are at the core of important environmental and geophysical processes. In oceans, settling of marine snow particles are of primary significance in controlling the vertical transport of carbon from the upper mixed layer to the deep ocean referred to as the biological carbon pump. 1 The formation of phytoplankton blooms as the primary source of energy production on the surface of the earth is also correlated with the settling and dispersion of biological particles in seas and oceans. 2 In the atmosphere, settling rates of suspended particles such as aerosol and soot play an important role in the cloud formation and air quality. In rivers, estuaries, and coastal regions, dynamics of turbidity currents is affected by settling of mud and sand particles. 3 In all these examples, the presence of vertical density stratification due to temperature or salinity gradients can result in modification of settling rates and dynamics of suspensions. Although the reduction in the vertical velocity of a single particle in density stratified fluids has been previously investigated, [4] [5] [6] [7] [8] [9] little is known about the settling rates and dynamics of particulate flows of stratified fluids. This is in part due to the complexity of the problem, which involves coupling between the particle-particle hydrodynamic interaction and density stratification.
Even though the suspension of particles in density stratified fluids is poorly understood, the motion of buoyant plumes in stratified fluids has received considerable attention. It is known that unlike a homogeneous fluid where a buoyant plume rises indefinitely, a buoyant plume in a stratified fluid intrudes at its neutral buoyancy height in the form of a gravity current. 10 For a particle cloud in a stratified fluid, Bush, Thurber, and Blanchette 11 showed that the form of particle deposition after a) ardekani@purdue.edu reaching the fallout height is dictated by the stratification. It is shown that depending on whether the cloud reaches its neutral buoyancy level before or after reaching the fallout height, particles form a dispersed or localized deposit, respectively. On the other hand, a ring-shaped deposit was observed when the cloud maintained its form throughout the descent. Although studies of particle clouds and buoyant plumes help to elucidate mixing processes associated with settling particles in aquatic environments, there still remain significant gaps in our understanding of suspensions of interacting particles in stratified fluids. More specifically, the quantification of the role of density stratification on the reduced settling rate and enhanced drag force experienced by particles in a suspension is important. The drag force acting on a single particle settling in a stratified fluid has been studied both experimentally and numerically. [4] [5] [6] [7] For a particle settling through a density interface between two fluid layers, Srdić, Mohamed, and Fernando 4 reported an order of magnitude drag enhancement due to the attachment of the lighter density fluid to the particle as it passes through the interface. The numerical study of Torres et al. 5 confirmed the drag enhancement due to buoyancy effects and showed that the generation of buoyancy induced jets serves as the primary mechanism of the drag enhancement. In a low Reynolds number regime, Yick et al. 6 provided a correlation for the drag coefficient as a function of the Reynolds and Froude numbers. Ardekani and Stocker 8 studied point-force singularities in the Stokes regime and showed that particles and organisms as small as O(100 µm − 1 mm) can be affected by the density stratification in a fluid column. Moreover, Doostmohammadi, Stocker, and Ardekani 12 numerically showed that the swimming velocity of small organisms can be suppressed by the presence of density layering. Despite numerical and experimental evidence of the reduction of the settling velocity of a particle in stratified fluids, what is missing is a rigorous first-principle predictive theory of the phenomenon. Nevertheless, in order to construct accurate models for predicting the dynamics of many-particle systems, the hydrodynamic interaction between the particles and their collision should be considered. Recently, Doostmohammadi and Ardekani 9 provided a numerical study of two interacting particles settling in a stratified fluid and showed that interaction dynamics are affected by the presence of density stratification.
We present herein direct numerical simulations of a suspension of buoyant particles settling in a thermally stratified fluid. The computational method is described in Sec. II. The settling rate of particulate systems in the presence of stratification is calculated in Sec. III, and the microstructure of the suspension is characterized in Sec. IV. Finally, the discussion of results and concluding remarks are presented in Sec. V.
II. PROBLEM FORMULATION

A. Governing equations
The governing equations for a Newtonian incompressible fluid for the entire computational domain are 13, 14 
Here, D/Dt represents the total derivative, u is the velocity, t the time, p the pressure, µ the dynamic viscosity of the fluid, ρ the density, T the temperature, κ the thermal diffusivity, and g = −gk is the gravitational acceleration, wherek is the unit vector along the vertical direction and is considered positive upward. The volumetric average of the density over the entire computational domain is denoted byρ. Equations (2) and (3) are coupled as the fluid density is related to the temperature variation by ρ = ρ 0 (1 − βT), where β = ϕ β p + (1 − ϕ) β f denotes the coefficient of thermal expansion in the entire domain, β p and β f are thermal expansion coefficients of particle and fluid, respectively, and ϕ is the indicator function defined to mark the volume occupied by particles and is unity inside the particles and zero elsewhere in the computational domain. The reference density is defined as ρ 0 = ϕ ρ p + (1 − ϕ)ρ f , where ρ p is the initial density of the particles, and ρ f is the reference density of the fluid. The reference density ρ f is set to be the initial background density at the top boundary of the domain. The source term f on the right-hand side of Eq. (2) is the rigidity force, which is only non-zero in the particle domain. The calculation of rigidity force is described in Sec. II D.
B. Initial and boundary conditions
The particles are initially at rest and are randomly distributed in the cubic domain of dimension L × L × L. The initial background temperature profile is imposed as
where T 0 is the reference temperature equal to the value of the temperature at the top boundary of the computational domain. Periodic boundary conditions are used in all directions for three components of velocity. The temperature boundary conditions are also set as periodic except for the top and bottom boundaries where special treatment is implemented to maintain the linear profile for the unperturbed background density. The temperature boundary condition on the top and bottom boundary of the domain is imposed as
The no-slip boundary condition is used on the surface of the particles. For simplicity, the thermal conductivity and thermal diffusivity coefficients are set to be uniform and the same for the particles and the background fluid. The role of boundary condition on the particle surface is shown in the Appendix. In order to obtain a steady-state condition for which settling rates can be determined, we set ρ p β p = ρ f β f . This way, the density variation with respect to the temperature becomes the same for both phases, and after the initial transient the density difference reaches a constant, non-zero value where the steady-state condition can be established.
C. Dimensionless parameters
The effects of buoyancy, viscosity, inertia, and diffusion on the gravitational settling of particles in a viscous stratified fluid are quantified by a number of dimensionless parameters. The ratio of the gravitational force to the viscous force is represented by the Galileo number, Ga = (ρ f W d/µ) 2 and the effect of the background density gradient γ is characterized by the Froude number, Fr = W/(N d), where d is the particle diameter, W =  gd, and N =  gγ/ρ f is the Brunt-Väisälä frequency, the natural frequency of the oscillation of a fluid parcel in a stratified fluid. The ratio of the diffusivity of the momentum ν to the thermal diffusivity is represented by the Prandtl number Pr = ν/κ. Unless otherwise stated, we use Pr = 7, corresponding to the temperature-induced density stratification, ρ p /ρ f = 1.12 and Ga = 9 × 10 4 . In order to measure the relative settling velocity of the particles with respect to the surrounding fluid, we compute the average slip velocity W s = W p −w f , where W p is the average vertical velocity of the suspension andw f denotes the volume averaged velocity of the fluid phase in the vertical direction. The slip Reynolds number Re s = W s d/ν is then defined based on the average slip velocity. The slip velocity is an essential parameter in many drag models for particulate flows. 15 It should be noted that in our calculations, the slip velocity is not known a priori and is determined using numerical simulations.
D. Numerical method
The numerical implementation is the same as the one used by Ardekani and coworkers, 9, 16, 17 who studied the motion of an isolated particle 17 and hydrodynamic interaction between a pair of particles 9 in stratified fluids. The details of validation and verification tests against experimental and numerical studies of the particle settling in stratified fluids are provided in Doostmohammadi and Ardekani 9 Tables 1 and 2 ). A summary of the numerical scheme is provided next.
Equations (1)- (3) are solved for the entire computational domain, on a uniform staggered grid, using a splitting technique. Convection and diffusion terms are discretized using QUICK (Quadratic Upstream Interpolation for Convective Kinetics) 18 and central difference schemes, respectively. The time evolution is obtained using a second-order Runge-Kutta scheme. The Hypre library is used to solve the Poisson equation for the pressure. The velocity field in the particle domain is then projected into the rigid body motion by using a distributed Lagrange multiplier (DLM) technique. To this end, a rigidity force
is added to the right-hand side of the momentum equation, 9, 17, 19 where α is the relaxation parameter, ∆t is the time step, f * is the force from the previous iteration, x is the position vector, and x p denotes the position of the centroid of the particle. The translational velocity u p and the angular velocity ω p of the particle are calculated as
where M p and I p are the mass and moment of inertia of the solid body, respectively, and dV is a differential volume element. It can be shown that the projection of the velocity field into the particle domain by using the rigidity force in the form of Eq. (6) is equivalent to enforcing the no-slip boundary condition on the particle surface. 17 The details of the projection step and calculation of the rigidity force are provided in Doostmohammadi, Dabiri, and Ardekani 17 (pp. 7-11, Eqs. (2.1)-(3.6)). It should be noted that the direct numerical simulation of the settling particles is computationally expensive for high Péclet numbers, Pe = RePr. In these cases the density boundary layer becomes very thin, and thus fully resolved simulations are costly.
E. Computational grid
A uniform computational grid is used for the entire domain. To determine the necessary grid resolution, three sets of simulations on three increasingly refined grids were performed for a regular array of particles settling in a stratified fluid. Since the required resolution increases with Galileo number and the solid volume fraction φ = N p πd 3 /(6L 3 ), where N p is the number of particles, the largest values of Ga = 9.00 × 10 4 and φ = 0.1 in the paper are used in the convergence test. Figure 1 shows the temporal variation of the slip Reynolds number for different grid spacings, where the time is normalized by τ =  d/g. In each case, after an initial transient stage, the regular array reaches a steady-state condition. The difference between the results of 19 points across the diameter of the particle and 38 points is 5.87% and is reduced to 0.980% comparing the results of 38 and 75 points across the particle diameter. Since the difference between the results of cases with 38 and 75 points across the diameter of the drop is small, to reduce computational costs, at least 38 points per particle diameter are used in our simulations throughout the paper. It is worth noting that the convergence test discussed above is for single particle arrays, for the range of volume fractions studied in the paper and does not consider the effect of increasing number of particles.
F. System size
In general, it is desirable to simulate a large number of particles in the suspension to minimize the error associated with the system size. However, due to the limits imposed by computational costs, it is important to determine the smallest number of particles for which the statistical behavior of the particulate system is independent of the system size, i.e., number of particles, for a given volume fraction. the steady-state Reynolds number for N p = 8 and N p = 27 is 0.941% and 1.62% for φ = 0.05 and φ = 0.1, respectively. The ability to predict settling rates using a relatively small number of particles can be associated with the range of volume fractions considered in our study, 0.05 ≤ φ ≤ 0.1, corresponding to semi-dilute suspensions where interactions are mainly pairwise. 20 For instance, in order to capture rheological properties of semi-dilute suspensions, Batchelor and Green 21 showed that only two particles suffice. In Sec. III where the steady-state Reynolds number is of primary interest, simulations are performed with N p = 8 to reduce the computational cost and expand the parameter space. Later, in Sec. IV, N p = 27 particles will be used to quantify pair distribution function and microstructure formation. 
III. SETTLING RATES
In a homogeneous fluid, the gravitational settling of particles in a suspension is slower than the settling of an isolated particle when confinement is present (either by actual container walls or by periodicity) and the slow down is enhanced as the volume fraction of solid particles is increased. In the absence of confinement, one would expect that the settling velocity of an assemblage of particles be higher than that of a single particle. In this case, the velocity field generated by a given particle drags other particles along and thus increases their settling velocity. The enhanced settling in an unlimited medium was first studied by Smoluchowski 22 who calculated the resistive force for an assemblage of spherical particles and showed that the force is reduced as the number of particles is increased. It was shown later by McNown and Lin, 23 however, that although the assemblage of particles in an unlimited fluid will settle faster with increasing number of particles, the velocity field close to the particles does not show a significant change with further increase in the number of particles. Experimental observation of Taylor 24 for settling of finite-size Brownian spherical particles parallel to the walls of a confined tube showed that the settling velocity of a particle close to the wall is smaller than the one close to the tube axis due to the retarding wall effect on the sphere drag. It was shown that this dispersion of velocity about the mean settling velocity is analogous to the dispersion due to the radial dependence of the sphere velocity because of its lateral position in a parabolic Poiseuille flow field. [24] [25] [26] The settling of an assemblage of spherical particles in a closed container was first studied by Burgers 27 who employed a diffusive field to account for the returning flow due to the presence of boundaries and showed that for a cubic assemblage, the settling velocity is reduced by increasing the concentration of solid particles, φ. Similar conclusions were obtained by Uchida 28 who used a cell model for a cubic cell. For a periodic arrangement of particles, Hasimoto 29 derived the resistive force and settling velocity of a cubic suspension and showed the reduction in the settling velocity to be on the order of φ 1/3 . In an attempt to extend the results to ordered and random suspensions, Famularo 30 calculated the settling velocity for cubic, rhombohedral, and random suspensions and confirmed the φ 1/3 dependence of the reduction in the settling velocity. The theory was extended to concentrated systems by Brinkman 31 and Richardson and Zaki. 32 In general, for an infinitely dilute suspension of monodisperse particles the average velocity is equal to the velocity of a single particle. Nevertheless, for solid volume fractions of as small as 1%, the average settling velocity can reduce considerably compared to the velocity of a single particle. This phenomena is known as the "hindered settling" and is characterized by the so called "hindered settling function, f (φ)" which is unity for an infinitely dilute system and monotonically decreases with the volume fraction. 33 The hindered settling velocity of particles in a suspension is associated with the interaction of particles with their neighboring particles and has been extensively studied in the past. 32, [34] [35] [36] [37] [38] [39] A comprehensive review of theoretically derived hindered settling functions is given by Acrivos and Davis 33 and a summary of pertinent experimental works can be found in the review by Maude and Whitmore. 40 A summary of widely used empirical correlations to estimate the average settling rates of a suspension of particles in homogeneous fluids has been provided by Di Felice 39 and more recently by Yin and Koch. 41 In order to validate our numerical method for calculation of settling rates, we compare the results with the correlation of Richardson and Zaki 32 which has been extensively used as a benchmark correlation in a number of numerical and experimental studies. For a suspension of monodisperse particles in a homogeneous fluid, the average settling speed of solid particles W H can be predicted by
where W t is the terminal velocity of a single particle in an unbounded domain and can be obtained by solving the following equation: The value of the parameter n is also given in a compact form by 42 4.7 − n n − 2.35 = 0.175
Table I reports a comparison of settling rates computed numerically with those obtained from Eq. (9) for different values of solid volume fraction. The Reynolds number based on the terminal velocity of the isolated particle is Re t = W t d/ν = 110. It should be noted that a larger deviation of the settling velocity from the power-law correlation of Richardson and Zaki 32 at small volume fractions is consistent with previous experimental and numerical observations. 39, 41 It is shown that for small volume fractions, φ ≤ 0.05, the deviation of the mean settling velocity from the power-law correlation increases with increasing the Reynolds number, and a prefactor k should be used to modify the correlation as
Although values of k have not been well documented in the literature, according to experiments of Di Felice 39 for φ ≤ 0.05, 2 × 10 −2 < Ga < 2 × 10 6 and numerical simulations of Yin and Koch 41 for 0.005 ≤ φ ≤ 0.4, 20.8 ≤ Ga ≤ 815, the value of k can be estimated to be in the range of 0.8 − 0.9 and 0.86 − 0.92, respectively. In the present study, we found that for 0.05 ≤ φ ≤ 0.1, Ga = 9 × 10 4 choosing k in the range of 0.93 − 0.96 provides the best fit for the numerical results (see Table I ).
In our simulations, the time-dependent average settling velocity of the suspension is given by
where w m p (t) is the settling velocity of the mth particle in the suspension. The time averaged settling velocity of the suspension is then calculated using
where the time interval Λ = t i ,t f is chosen in such a way to exclude the initial transient dynamics. Finally, we calculate the ensemble average of the results for five simulations with distinct initial random distributions of particles to minimize the error associated with statistical uncertainties. The maximum difference between the mean settling velocity of different configurations is 1.34%. Next, we measure the settling rate in stratified fluids for different strengths of the background density gradient. Figure 3 represents the variation of the settling velocity as a function of the Froude number. As expected, for a fixed volume fraction, the stronger stratification more effectively reduces the settling rate similar to the sedimentation of an isolated particle in a linearly stratified fluid. 4, 6 Interestingly, as we normalize the settling speed in a stratified fluid with its homogeneous counterpart, the plots for different volume fractions collapse on a single curve, with the best fit of data obtained for W s /W H = 1 − 61.1 Fr −2.07 in the range of 12 ≤ Fr ≤ 28 (see Figure 4) . The scaling is different from what one would obtain for a settling velocity of an isolated particle in a linearly stratified fluid, where based on the quasi-steady drag correlation of Yick et al., 6 the settling velocity of an isolated particle can be expressed as W s /W H = 1 − 10.3Fr −1.70 in the range of 12 ≤ Fr ≤ 28. Therefore, the effect of the stratification on the settling velocity of a suspension of particles is stronger compared to an isolated particle.
IV. MICROSTRUCTURE
The fundamental step in characterizing the microstructure of particulate systems is to analyze the pair interaction. The recent study by Doostmohammadi and Ardekani 9 on the interaction of an isolated pair of particles in stratified fluids shows that density stratification modifies the settling dynamics of two basic types of particle configuration: side-by-side and in-tandem configurations. It was shown that a pair of particles settling side-by-side in a stratified fluid are attracted toward each other after an initial repulsion. The particles then continue to settle together as an elongated particle with its broadside normal to the settling direction. This is different from the side-by-side sedimentation in a homogeneous fluid where the particles move away from each other (Fig. 5(a) ). drafting-kissing-tumbling with prolonged kissing time and reduced separation compared to a homogeneous fluid. The drafting-kissing-tumbling is, however, replaced with drafting-kissing-separation or drafting-separation in stronger background density gradients (Fig. 5(b) ). In this case, interactions occur at the time interval of O(100τ − 300τ) depending on the strength of the stratification and the corresponding vertical settling of the particles is O(10d − 50d). To characterize the microstructure of the suspension of many particles, we calculate the radial and angular pair probability distribution functions G(r) and G r (θ), respectively
The former quantifies the probability of finding a pair of particles separated from each other by the distance |r mn | = r, and the latter corresponds to the probability that a pair of particles is oriented at an angle θ mn = θ, where θ is measured from the direction of the gravity. In Eqs. (15) and (16), ∆V (r) = (4π/3) (r + ∆r/2) 3 − (r − ∆r/2) 3 and ∆V (θ) = (2πr 3 /3) [cos(θ − ∆θ/2) − (θ + ∆θ/2)] are volumes of a spherical shell contained within [r − ∆r/2,r + ∆r/2] and an angular sector between [θ − ∆θ/2, θ + ∆θ/2], respectively. The probability distribution function of finding a particle pair separated by distance r and oriented at an angle θ with respect to each other is then defined as where |r |∠θ denotes a vector of magnitude r, which is oriented at an angle θ from the direction of gravity. In calculating values of G(r), G r (θ), and G(r, θ), the results are averaged over a time interval of [t i ,t f ] using a sufficient number of time samples (at least 300 samples) to ensure that the results are independent of the sampling. We found that setting ∆r = d/8 and ∆θ = π/20 results in probability distributions that are independent of the size of the spherical shell and angular sector, respectively. In addition, compared to the mean settling velocity, a larger number of particles is required to obtain microstructures that are independent of the system size. For the cases considered in this study, we found that results of N p = 27 and N p = 64 are similar (Figure 6(a) ). Figure 6(b) shows the effect of stratification on the radial pair distribution function. As evident from the figure, the probability of finding two particles in contact increases with stratification and cluster formation enhances. This enhanced cluster formation is consistent with our results for an isolated pair of settling particles in stratified fluids. In addition, unlike the homogeneous fluid, the radial pair distribution function shows a secondary peak at r/d ≈ 1.5 for moderate and strong stratifications. In addition to the radial pair distribution function, Figure 7 shows that the angular pair distribution function is modified by the presence of stratification. Results are presented for r = d and r = 5d corresponding to short and long range interactions, respectively. Similar to the homogeneous fluid, the most probable angular distribution is at θ = π/2 corresponding to horizontal clustering. However, the occurrence of local peaks near θ = 0 and θ = π is specific to short range interactions in stratified fluids (Fig. 7(a) ), which exhibit both horizontal and vertical equilibria. Vertical configurations are, however, unstable. As expected, for long range interactions the angular pair distribution function is flattened around unity; i.e., G r (θ) → 1, indicating that the particles tend to distribute more uniformly at large distances ( Fig. 7(b) ).
It is instructive to quantify the preferential orientation of particle pairs in a suspension. To this end, the order parameter, G 2 (r), is defined as
where L 2 [cos(θ)] = (3cos 2 (θ) − 1)/2 is the second Legendre polynomial. The case of G 2 (r) = −1/2 corresponds to the pure horizontal alignment while G 2 (r) = 1 represents the pure vertical alignment of particle pairs separated by distance r. Figure 8 shows that compared to the homogeneous fluid, there is a higher preference for particle pairs to horizontally align in stratified fluids. The preference is larger at short distances corresponding to larger peaks observed in the radial distribution function and tends to a more uniform distribution (G 2 (r) → 0) as the interaction range increases. 
V. DISCUSSION
In this work, we have investigated the settling dynamics of a suspension of rigid particles in linearly stratified fluids using fully resolved direct numerical simulations. We have provided a direct comparison of the settling dynamics between homogeneous and stratified fluids and shown that the stratification leads to a reduced settling velocity which scales as W s = W t (1 − φ) n (1 − 61.1 Fr −2.07 ) in the range of 12 ≤ Fr ≤ 28. The reduction in the settling velocity due to the effect of stratification is more pronounced for a suspension of particles compared to an isolated particle. The quantitative assessment of the microstructure of the suspension has been presented by comparison of the radial and angular pair probability distribution functions for homogeneous and stratified fluids. In addition to stable horizontal equilibrium configurations, we have reported the occurrence of unstable vertical equilibria for short range interactions in stratified fluids. Moreover, higher peaks of the probability distribution function for adjacent particles indicate an enhanced cluster formation. It is worth noting that due to the fully resolved feature of the simulations, the results are limited to a small number of particles in the suspension, and statistical properties of many particle system cannot be obtained, as they might be dependent on the domain size. A typical evolution of the distribution of particles and density contours over time is illustrated in Figures 9 and 10 , respectively. Although we did not observe a significant modification in the long range interaction of particles, we believe that the effect of stratification on short range interactions is important in characterizing the microstructure. The finite Reynolds number range in our simulations implies that the microstructure is more affected by short range hydrodynamics rather than long range interactions.
The spatiotemporal evolution of the microstructure of the suspension and the corresponding multi-particle hydrodynamic interactions induce fluctuations in the particle motion. 45 The dependence of these velocity fluctuations to the system size has been the subject of many theoretical, numerical, and experimental studies where contradictory conclusions have been obtained. The theoretical analysis of Caflisch and Luke 46 predicted that for a dilute suspension of particles in the Stokes limit, the velocity fluctuations grow indefinitely as the size of the system increases. The work by Koch and Shaqfeh 47 showed that under certain conditions, the effects of hydrodynamic interactions will be screened by pair correlation, and finite fluctuations can be independent of the system size. The numerical study of Ladd, 48 however, showed that velocity fluctuations diverge linearly as the size of the system increases. On the other hand, experiments of Nicolai and Guazzelli 49 showed no evidence of this divergence, and authors argued that velocity fluctuations do not depend on the size of the system. A more comprehensive review of the existing paradox has been recently provided by Guazzelli and Hinch. 45 In addition, the combined experimental and numerical study by Gómez et al.
50 demonstrated that stratification in particle concentration can inhibit velocity fluctuations at the descending front where stratification is well-defined. Here, we investigate the effects of density stratification on the particle velocity fluctuations. The instantaneous velocity fluctuation in the vertical direction is defined as Figure 11 shows the dependence of particle velocity fluctuations on the system size in a stratified fluid. As evident from Figure 11 , the fluctuations of the vertical velocity for the homogeneous fluid are approximately two times larger than those for horizontal fluctuations, which is qualitatively similar to previous observations for settling particles in a Stokes regime. 51 It is observed that both vertical and horizontal velocity fluctuations of a suspension of particles in a homogeneous fluid increase as the system size increases. Although both the velocity fluctuations and the rate of the increase of velocity fluctuations are significantly reduced in stratified fluids, there is no evidence of a finite limit for velocity fluctuations in the range of system sizes considered here. It should be noted that the trend observed here holds up to 64 particles in the suspension and does not imply the existence of a thermodynamic limit for domain sizes going to infinity. The results suggest that the density stratification suppresses the growth of particle velocity fluctuations in a suspension of particles.
The results presented herein have implications in environmental flows where settling rates are of importance in developing suspension models for stratified fluids. The results of this study are limited to temperature stratified fluids; however, density stratification in oceans can be induced by salinity gradients. Previous studies on the sedimentation of an isolated particle and a pair of interacting particles in stratified fluids suggest that smaller diffusion in salt-stratified fluids can enhance the effects of stratification. 9, 52 Other than the different magnitude for thermal and salinity diffusivities, the impermeable boundary condition on the particle surface is more appropriate for rigid particles in a salt-stratified fluids. Moreover, turbulence is ubiquitously present in natural environments, and the assessment of combined effects of turbulence and stratification on the suspension of particles is highly demanded. In our future works, we will aim at addressing these combined effects through direct numerical simulations. It is hoped that this work triggers more experimental and theoretical works on the characterization of particle suspensions in the presence of vertical density gradients. 
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APPENDIX: THE EFFECT OF BOUNDARY CONDITION ON THE PARTICLE SURFACE
As mentioned earlier, for the sake of simplicity we have assumed that the thermal diffusivity and conductivity are uniform and the same inside and outside of the particle. Here, we investigate the effect of boundary condition on the particle surface. One of the commonly used boundary conditions in studying the flow over rigid particles in stratified fluids is the no-flux boundary condition on the particle surface. 5, 53 This boundary condition is an assumption for thermally stratified fluids where the heat diffusivity of the particle is negligible compared to the ambient fluid. It is also appropriate for a salt stratified fluid. In the framework of our numerical simulations, setting the thermal diffusivity κ = 0 inside the particle is equivalent to the adiabatic/impermeable boundary condition on the particle surface. 17 The comparison of the settling Reynolds number with uniform thermal diffusivity and no-flux boundary conditions is shown in Figure 12 . As evident from Figure  12 , although the dynamics are similar at early times, the settling Reynolds number does not reach a steady-state for an adiabatic boundary condition and keeps decreasing with time as the particle moves into denser regions of the fluid.
